Acid precipitation accelerates acidification process in the soil and facilitates nutrient leaching. The study aimed to explore the effects of long-term liming on aluminium (Al) leaching by comparing a limed soil with an unlimed soil at different acidity (pH) levels of simulated acid rain (SAR). The columns of unlimed and limed soil were watered with SAR at 5.4, 4.7 and 4.0 pH levels. Aluminium was extracted from the solid phase with the following solutions: ammonium oxalate (non-crystalline Al), sodium pyrophosphate (organically bound Al), copper chloride (organo-Al complexes of low and medium stability), lanthanum chloride (the most labile organo-Al complexes) and ammonium chloride (exchangeable Al). The total Al in the leachate was also determined. Long-term liming had a significant influence on the soil acidity and reduced all Al compounds in the in solid phase. The Al concentrations determined in the leachate of the limed soil were 0.12-0.92 mg L -1 and in that of the unlimed soil -1.63-2.62 mg L -1 . Leaching losses of Al from limed and unlimed soil increased with decreasing acidity of the simulated acid rain. The losses were found to be high when the pH of SAR was 4.0. Al in the leachate was positively correlated with all Al fractions in a solid phase and showed this to be one of the reasons for increased Al leaching from acid soils. Al leaching from the soil depended not only on the pH of simulated acid rain, but also on the soil properties: acidity, Al saturation in the exchange sites (effective cations exchange capacity) and Al compounds in the solid phase of the soil. Limed soil, characterised by a higher buffer capacity (more Ca and Mg), is able to neutralize the effects of acid precipitation and reduce the solubility of Al-containing compounds.
Introduction
Increased deposition of anthropogenic sulphuric (SO 2 ) and nitric (NOx) acids has resulted in a dramatic increase in soil acidification worldwide over the last 50 years. Acid rain has the greatest impact on soil acidification and its properties (Bowman et al., 2008) . Continuous inputs of proton (H + ) and strong acid anions (SO 4 2− or NO 3− ) inevitably accelerate acidification process (Stevens et al., 2009 ) and facilitate nutrient leaching, which results in ground water pollution and damage to terrestrial and aquatic ecosystems (Ding et al., 2011) .
The soil cannot completely neutralize the acidity of rainwater (Behera et al., 2014) . Besides, the presence of SO 4 2- and NO 3- in acid precipitation promotes leaching of the main cations from the soil . Depletion of the main cations reduces soil fertility, causes shortage of plant nutrients (Liu et al., 2007 a) , and suppresses chemical resistance of soils and surface waters to acidification (Driscoll et al., 2003) . When basic cations are depleted, soil acidity (pH) is mostly buffered by dissolving Al-bearing minerals (pH < 4.5) (Li, Johnson, 2016) . It is also important that acid soils have an Al-saturated exchange complex. The occurrence of aluminium (Al) in the soil solution and leaching depend on the acidity as well as on the components capable of discharging this element in the solid fraction of the soil. At pH < 6.0, Al solubility is increasing and resulting in the occurrence of a high concentration of toxic Al, which affects plant growth (Driscoll et al., 2003; Xie et al. 2009 ) and may as well cause an increase in Al concentration in drainage water, which travels further into rivers and seas. Al kills fish and aquatic plants and can be harmful to humans (Ding et al., 2011) . Crop yield-limiting mobile Al 3+ can be reduced or eliminated by liming (Skuodienė, Repšienė, 2009 ). Mokolobate and Haynes (2003) have reported that liming reduces the activity of Al ions (solubility and toxicity). The pH of acid rain is one of the key factors determining the mobility of metal compounds Please use the following format when citing the article: Kryževičius Ž., Janušienė L., Karčauskienė D., Šlepetienė A., Vilkienė M., Žukauskaitė A. 2019. Aluminium leaching response to acid precipitation in a lime-affected soil. Zemdirbyste-Agriculture, 106 (4): 315-320. DOI 10.13080/z-a.2019.106.040 in the soil (Wang et al., 2009 ); however, soil properties play an important role as well (Ding et al., 2011) .
In the cold and humid zone, where the mean annual precipitation exceeds the mean evapotranspiration, soil acidification is an ongoing natural process. Soil acidification is caused by precipitation (acid rain). In recent years, acid rain with a pH ranging from 3.9 to 5.4, which dissolves and removes (due to precipitation excess) carbonates in the soil parent material has been occurring in this region. Primary carbonates are leached from more than 2 m depth in this region (Eidukeviciene et al., 2010) . Here, more intense acidification is caused by the heterogeneous, wedge-shaped moraine loam structure and greater age of the soil parent material compared to the surrounding moraine lowlands.
The objective of this work was to study the effects of long-term liming on the leaching of Al by comparing a limed soil with an unlimed soil, both originated from the same parent material and in the same climatic conditions, at different acidity (pH) levels of acidic deposition.
Materials and methods
Study site. The study site is located in West Lithuania, in the cold and humid zone, where the mean annual precipitation 748 mm exceeds the mean evapotranspiration 512 mm and the average annual air temperature is 6.7°C. This region is strongly affected by the marine climate. Experiments were carried out on a Dystric Endogleyic Glossic Retisol (Loamic, Drainic) (WRB, 2014) developed on a marginal moraine (till) with a texture of sandy loam (55°41ʹ39.9ʺ N 21°29ʹ56.9ʺ E). Horizon sequence according to the WRB (2014) was Ahp (0-30 cm) -E (30-38 cm) -E/B (38-75 cm) -B/E (75-108 cm) -BCl (108-153 cm). The layer of soil carbonates lies deeper than 2 meters below the surface.
Soil collection. The intact soil columns were collected from two different limed soils: unlimed, 0 t ha -1 CaCO 3 since 1949 and limed, total amount of CaCO 3 applied 104.9 t ha -1 by application of the long-term liming system -primary (1949), repeated (1965) and periodical liming . In 2017, fifteen random samples of soil columns (11 cm in inner diameter and 20 cm in height) were selected from each of the plots of unlimed and limed soils. Soil column samples were taken by hammering plastic tubes into the soil from which plant cover had been removed. After soil column sampling, one end of the tube was covered with filter paper. At the bottom of the soil column, a plastic cap with drainage outlet was used.
Soil analysis. The soil samples of collected soil columns were analysed for chemical properties. The samples were dried at 40°C, sieved at 2 mm, and visible roots and plant residues were removed. The soil acidity (pH) was determined in 1.0 M KCl at a soil and water ratio of 1:5. Soil organic carbon (C org ) was measured by the Tyurin method modified by Nikitin ( . The extracts with different reagents were filtered and Al in the extracts was determined by the atomic absorption spectroscopy (Perkin Elmer AAnalyst 100). The difference between Alp and Alcu showed high stability of Al complexes with organic matter (Alp-Alcu); the difference between Alcu and Alla indicated medium stability of Al complexes with organic matter (Alcu-Alla); the difference between Alla and AlNH 4 exhibited low stability of Al complexes with organic matter (Alla-AlNH 4 ) (Eimil-Fraga et al., 2015). The soil solution was approximated by aqueous extracts (soil:extractant ratio 1:10, the suspension was shaken for 10 min, allowed to rest for three days, filtered at 0.45 μm) and total water-soluble Al (Alw) was determined by visible spectrophotometry following the pyrocatechol violet method (Seco et al., 2014) .
Application of simulated acid rain (SAR) to soil column. The experimental design included two soils with three SAR treatments and five replicates. To simulate acid rain, the soil columns were watered with acid solutions at different pH levels: 5.4, 4.7 and 4.0. The average pH value of precipitation in Western Lithuania was about 5.4. The respective pH values of precipitation were achieved by acidifying the naturally collected precipitation water (pH = 5.4) with the addition of a mixture of nitric and sulphuric acids, whose ratio (1:4) corresponds to that occurring in the naturally formed acid precipitation (Li et al., 2015) . Soil columns of unlimed and limed soils were watered by simulating rain, every 4 days with 100 ml of respective pH at a rate of 10 mL min -1 to the top of the column every 4 days with a total influent application of 5 times and a total volume of 500 mL SAR solutions. The leachate percolated through the soil column was collected every 4 days with a container after filtering. In order to estimate the net loss of the chemical components, the volume of the soil solution was measured after watering with SAR. There were no marked differences between the volumes of soil solution during each sampling. The leachate was filtered with a 0.45 μm nitrocellulose filter. Chemical components in the solutions were measured as soon as possible. The analytical indicators included solution pH, soluble Al and dissolved organic carbon (DOC). Soil solution acidity was measured directly with a glass electrode WTW inoLab pH 720 (Gemini BV, The Netherlands). The soluble Al was measured by a standard ISO 10566:1998 (Water quality -Determination of Aluminium -Spectrometric method using pyrocatechol violet). The concentration of DOC was measured with Shimadzu TOC-VCSH (Japan).
Statistical analysis. One-way analysis of variance (ANOVA) was used to compare soil characteristics and Al compounds of unlimed and limed soil. The means were compared by the Fisher's least significant difference test. Principal component analysis (PCA) was performed to examine the relationships between acidity, concentration of DOC and Al in the leachate and soil pH and Al compounds in the soil. Statistical significance of all results was determined at P < 0.05. The statistical software package SAS (SAS Inc., USA) was used for all analyses.
Results
General soil parameters. After long-term liming, the values of soil acidity (pH) ( Table 1) increased from 4.1 to 6.7. In the unlimed soil, the concentration of C org was 1.42%. Long-term liming was found to decrease C org concentration (1.12%). Organic carbon (C org ) was significantly correlated with pH KCl (r = −0.98, P < 0.001).
The concentration of exchangeable Ca was significantly higher (P < 0.001) in the limed (3.52 cmol(+) kg -1 ) than in the unlimed (0.43 cmol(+) kg -1 ) soil. Long term liming significantly increased (from 0.07 to 0.22 cmol(+) kg -1 ) the concentrations of exchangeable Mg. The concentration of exchangeable K was significantly higher in the unlimed (0.28 cmol(+) kg -1 ) than in the limed (0.27 cmol(+) kg -1 ) soil. Exchangeable Na was significantly higher in the unlimed (0.11 cmol(+) kg -1 ) than in the limed (0.07 cmol(+) kg -1 ) soil. Long-term liming significantly increased the eCEC in the limed soil (4.09 cmol(+) kg -1 ). The eCEC was positively correlated with soil pH (r = 0.99, P < 0.001). The Al saturation (%) was significantly lower in the limed (0.2 %) than in the unlimed (44.9%) soil. Al saturation was negatively correlated with soil pH (r = −0.99, P < 0.001) and eCEC (r = −0.98, P < 0.001).
Aluminium (Al) fractions in the solid phase.
The total non-crystalline Al (Alo) was 3099 mg kg -1 in the unlimed soil, while in the long-term limed soil the Alo was between 2079 mg kg -1 ( Table 2 ). The Alo was significantly positively correlated with C org (r = 0.9388, P < 0.001). The concentration of total organically bound Al (Alp) was significantly lower in the limed soil (1669 mg kg -1 ) than in the unlimed soil (2569 mg kg -1 ). The Alp was significantly negatively correlated with Alo -the total non-crystalline Al, Alp -the total organically bound Al, Alcu -organo-Al complexes of low to medium stability, Alla -the most labile organo-Al complexes, AlNH 4 -exchangeable Al, Alp-Alcu -high stability of Al complexes with organic matter (OM), Alcu-Alla -medium stability of Al complexes with OM, Alla-AlNH 4 -low stability of Al complexes with OM, Alw -total water-soluble Al; SD -standard deviation; statistically significant differences are among the horizons in the unlimed and limed soil profile at P < 0.05. pH (r = −0.9270, P < 0.001). The concentration of Al extracted with CuCl 2 which estimates the organo-Al complexes (Alcu) of low to medium stability was 730 mg kg -1 in the unlimed soil and accounted for 28.4% of the total organically bound Al. The concentration of Alcu of low to medium stability was 255 mg kg -1 in the limed soil and accounted for 15.3% of the Alp. The Alcu of low to medium stability were significantly positively correlated with C org (r = 0.39, P = 0.032), the Alo (r = 0.47, P = 0.008) and the Alp (r = 0.73, p < 0.001), negatively correlated with pH (r = −0.48, P = 0.007) and eCEC (r = −0.64, P < 0.001).
The concentration of the most labile Al complex was 229.2 mg kg -1 in unlimed and 2.9 mg kg -1 in the limed soil. The organo-Al complexes of high stability totalled 1839 mg kg -1 in unlimed soil, while in the longterm limed soil high stability of Al complexes with organic matter (Alp-Alcu) amounted to 1415 mg kg -1 . These results indicated that Alp-Alcu is a predominant form of organically bound Al in an unlimed and limed soil profile, representing in all cases more than 77% of the organo-Al complexes.
The concentration of organo-Al complexes of medium stability was 501 mg kg -1 in the unlimed soil profile, and the results of long-term limed soil showed that the concentration of medium stability of Al complexes with organic matter (Alcu-Alla) increased to 252 mg kg -1 ( Table 2 ). These complexes represent 21.15% of organo-Al complexes in the unlimed soil profile and 15.11% in the limed soil. Liming significantly reduced organo-Al complexes of medium stability in the soil. Low stability Al complexes with organic matter (Alla-AlNH 4 ) totalled 30.1 mg kg -1 in the unlimed and 1.1 mg kg -1 in the limed soil profile, representing a very low percentage (<1.3%) of Al complexes with organic matter. Unlimed soil exhibited a very high concentration of exchangeable Al (199.0 mg kg -1 ). Liming significantly reduced the exchangeable Al concentration (1.7 mg kg -1 ).
The concentration of total water-soluble Al (Alw) was 1.15 mg L -1 in the limed soil, meanwhile in the unlimed soil profile it was 0.80 mg L -1 . Figure 1 , leachate pH changed when soils were treated with different SAR volumes and levels. Application of different SAR levels to naturally acid soil did not exert any effect on the leachate pH, for the treatments applied with SAR at a volume of 400-500 mL.
Effect of simulated acid rain (SAR) on chemical parameters of leachate. As shown in
Al concentration in the leachate was determined not only by the pH of SAR but also by the pH of soil (agronomic practice applied -liming), and the results diverged into two groups: in the limed soil -0.12-0.92 mg L -1 and in the unlimed soil -1.63-2.62 mg L -1 (Fig. 1 ). Al concentration in the leachate increased with the increasing volume of SAR, except for the treatment of SAR, whose pH was 5.4 and 4.7. The opposite trend was identified for DOC concentration in the leachate, which declined with the increasing volume of SAR. The highest DOC leaching (from 51.73 to 24.29 mg L -1 ) occurred when naturally acid soil was watered with SAR, whose pH was 5.4, whereas the lowest DOC leaching (from 22.06 to 16.21 mg L -1 ) was recorded at a SAR pH level of 4.0.
The relationships among leachate properties and Al in the soil. The relationships among leachate properties and Al compounds in the soil are shown in Figure 2 . Leachate acidity was positively correlated with soil pH (r = 0.97, P < 0.001), Ca (r = 0.97, P < 0.001), Mg (r = 0.97, P < 0.001), eCEC (r = 0.97, P < 0.001) and negatively correlated with Na (r = −0.94, P < 0.001), K (r = −0.82, P < 0.001) and Al saturation (r = −0.97, P < 0.001). Meanwhile, leachate pH was not significantly correlated with different levels of SAR (r = 0.10, P = 0.584). Leachate pH was negatively correlated with all Al fractions in solid phase and Al in the soil solution: Alo (r = −0.92, P < 0.001), Alp (r = −0.92, P < 0.001), Alcu (r = −0.97, P < 0.001), Alla (r = −0.96, P < 0.001), Aluminium concentration in the leachate was negatively correlated with leachate pH (r = −0.97, P = < 0.001), soil pH (r = −0.96, P = < 0.001), Ca (r = −0.96, P < 0.001), Mg (r = −0.96, P < 0.001), eCEC (r = −0.96, P < 0.001) and negatively with Na (r = 0.94, P < 0.001), K (r = 0.80, P < 0.001) and Al saturation (r = 0.96, P < 0.001) (Fig. 2) . Meanwhile, Al in the leachate was not significantly correlated with different levels of SAR (r = −0.15, P = 0.430). Al concentration in the leachate was positively correlated with all Al fractions in solid phase: Alo (r = 0.91, P < 0.001), Alp (r = 0.89, P < 0.001), Alcu (r = 0.95, P < 0.001), Alla (r = 0.95, P < 0.001), AlNH 4 (r = 0.93, P < 0.001), Alp-Alcu (r = 0.73, P = 0.032), Alcu-Alla (r = 0.92, P < 0.001), Alla-AlNH 4 (r = 0.84, P < 0.001) and Alw (r = 0.94, P < 0.001).
DOC in the leachate was significantly positively correlated with different levels of SAR (r = 0.44, P = 0.016) and Al fractions: Alcu (r = 0.36, P = 0.050), Alla (r = 0.43, P = 0.0185), AlNH 4 (r = 0.46, P = 0.011) and Alw (r = 0.40, P = 0.027) (Fig. 2) . In contrast, DOC in the leachate was significantly negatively correlated with soil pH (r = −0.38, P = 0.041) and eCEC (r = −0.38, P = 0.040).
Discussion
Long-term application of liming resulted in a significant decrease in the exchangeable acidity (pH KCl ) of the soil. Skuodienė and Repšienė (2009) have also found that liming increased pH KCl in the arable layer of Retisol. The low pH of the naturally acid soil is related to the lack of carbonates in the parent material or the presence of carbonates (in Retisol below 200 cm), leaching of bases due to percolation of water in a moderately humid climate (Eidukeviciene et al., 2010) . The negative correlation between Al saturation and eCEC (r = −0.98, P < 0.001) showed that the highest effect of liming manifested itself in the layer most affected by the soil formation process, i.e. arable layer.
The content of organic matter decreased in the limed soil as a result of the increase in pH values caused by liming. This increase of acidity affects the processes of organic matter mineralization in the soil, due to the increase of the microbial activity with the consequent consumption of carbon by soil microorganisms (Seco et al., 2014) . Also, this increase of soil pH affects the leaching of DOC (r = −0.38, P = 0.041). This may be accounted for by increased solubility of organic matter, intensified microbial activity and increased content of soluble molecules resulting from the decreased soil pH (Filep, Rekasi, 2011) . SAR pH was positively correlated with DOC in the leachate (r = 0.44, P = 0.016), which showed that the alkaline acidity would favour organic matter solubilisation and leaching (Pousada-Ferradás et al., 2012).
Long-term liming generated a significant change in Al compounds in the soil. Regarding the Al fractionation in the solid phase, in soils the total organically bound Al (Alp) represented no less than 76% of the total non-crystalline Al (Alo), and this indicates a predominance of organo-Al complexes over inorganic compounds of low crystallinity. This showed that organic matter plays an important role in Al activity in the soil solution (Eimil-Fraga et al., 2015) .
Long-term liming reduced the total non-crystalline Al, the organo-Al complexes of different stability as well as the exchangeable Al, in the arable layer. The reduction in the total non-crystalline Al in the arable layer of limed soil can be explained by the fact that liming reduces the C org content (Wang et al., 2014) and consequently diminishes Al complexes with organic matter. Also, this decrease of organic matter positively affects the leaching of DOC and this indicates the positive correlation of DOC in the leachate and organo-Al complexes of low to medium stability (Alcu) (r = 0.36, P = 0.050) and the most labile organo-Al complexes (Alla) (r = 0.43, P = 0.019). It is noteworthy that despite the reduction of all Al complexes with organic matter, in percentage terms, liming favoured the formation of high stability complexes in the arable layer; this could be the main effect of decreasing DOC in the leachate (Álvarez et al., 2009) .
The results showed a negative relationship between soil pH and exchangeable Al for the soils. This indicated that Al competes with base cations for exchange sites of soil under the most acidic conditions, because of the highest solubility of this element at low pH (Álvarez et al., 2009 ). Exchangeable Al also correlated negatively with eCEC (r = −0.42, P = 0.022), which indicates that the increase of acidity caused by liming favours the appearance of negative charges in the soil components with variable charge (increase in eCEC) and also favours the precipitation of Al (decrease of exchangeable Al) and the increase of basic cations in the exchange sites. Several authors (Álvarez et al., 2009; Skuodienė, Repšienė, 2009 ) have described a decrease in the exchangeable Al following liming in acid soils.
A decrease in Al in the soil solution was also observed in the arable layer of the limed soil. This is particularly relevant because in this form Al is most available to plants. Also, this form can be readily leached. However, if environmental conditions vary, solubilized Al can be reincorporated into the solid phase forming precipitates and/or complexes, or can be bound to exchange sites (Guo et al., 2007; Álvarez et al., 2010) .
As observed in this study, leachate pH was positively correlated with soil pH (r = 0.97, P < 0.001), but leachate pH was not significantly correlated with different levels of SAR (r = 0.10, P = 0.584) indicating that the highest effect on leachate pH level is exerted by soil pH. Limed soil had higher eCEC (Table 1) , and this indicates that soil with higher eCEC can compensate for the effects of acidic rainfall (Lu et al., 2014) . However, with a high input of H + exceeding a certain limit value, the buffering capacity of the soil would be deleted, and acidification of soil and leachate could occur (Qiu et al., 2015) , the Al solubility and consequently its leaching would increase.
There was a similar change in the concentration of Al in the leachate of unlimed soil during the first three times of acid rain addition. However, as the experiment proceeded, the concentrations of Al in the leachate increased under SAR treatments. This could be due to the time needed for the Al to release from a kinetically constrained Al pool to a phase easy to mobilize (Bowman et al., 2008) . Other important factor is that soils underwent a transition through different ranges of buffering associated with the weathering and liberation of different elements. Soils were mostly buffered by base cations, but when the base cations on the exchange sites were very low, the Al buffer system dominated to neutralize an increase of acidity (Bowman et al., 2008) .
Throughout the experiment, the soluble Al in the leachate was not affected by SAR (r = −0.15, P = 0.430) in unlimed and limed soils. However, other authors have shown that the Al leaching depends on the pH (Liu et al., 2007 b), but the differences in Al concentration in the leachate between SAR pH treatments were increasingly pronounced in limed soil and tended to increase with increasing the acidity of SAR. This indicated that the cumulative effects of low intensity acidic rainfall addition enhanced the sensitivity of soluble Al to acidic rainfall (Bowman et al., 2008) .
Aluminium in the leachate was positively correlated with Al saturation in exchangeable complex (r = 0.96, P < 0.001) indicating the existence of higher Al content in the soil solution when the saturation of this element in the exchangeable complex is high. Release of Al to the soil solution (to the soil leachate) may be essential for pH buffering in very acidic sites, in which exchangeable base cations are scare (Eimil-Fraga et al., 2015). The leaching of Al from the soil depends not only on Al saturation or eCEC, but also on the Al form in the solid phase. Al in the leachate was positively correlated with all Al fractions in solid phase (Fig. 2 ). In this case, Al compounds in the solid phase are strongly affected by long term liming and it showed the negative correlation between soil pH and Al forms in the soil.
The reduction of all the forms of Al in the solid phase and in the solution in the arable layer of the limed soil can be interpreted as a trend towards precipitation of crystalline minerals of Al favoured by the significant increase of acidity and mineralization of organic matter caused by liming. The decrease of this effect resulted in the reduction of Al leaching. Many authors (Meriga et al., 2003; Álvarez et al., 2009; have indicated that the addition of limestone promotes the removal of Al from the soil solution, at the same time reduces Al leaching and the precipitation of inorganic non-crystalline or crystalline compounds.
Conclusions
1. The study found that higher acidity (pH) level of the simulated acid rain (SAR) increased the solubility and mobility of aluminium (Al) compounds in the soil. However, no relationship was found between Al leaching and pH of SAR.
2. The division of Al leaching results into two groups showed that Al leaching was most dependent on soil properties: pH, Al saturation (eCEC) and content of Al compounds. A limed soil, characterised by a higher buffering capacity, is able to counteract the effects of acids deposited in it and to reduce the solubility of Alcontaining substances.
